Cellulose nanocrystals (CNCs) have emerged as a new class of nanomaterials for polymer reinforcement and nanocomposite formulation owing to their exceptionally high mechanical strength (modulus of 100-140 GPa), low density (1.6 g cm − 3 ), chemical tunability, environmental sustainability, and anticipated low cost. [ 1 ] CNCs have also been fostered for a myriad of applications including enzyme immobilization, [ 2 ] drug delivery, [ 3 ] and biomedical applications. [ 4 ] In order to obtain CNCs, native semicrystalline cellulose is broken down into its elementary crystalline domains, removing amorphous cellulose segments with inferior mechanical and chemical characteristics. Wood and plant fi bers represent the most abundant source of cellulose, but the extraction of CNCs from these natural sources requires prior removal of their noncellulosic constituents such as lignin, pectin, hemicellulose, and wax. Existing methods to prepare and isolate CNCs use acids, enzymes, oxidizers, mechanical means, or a combination of these in multiple steps. [ 5 ] These procedures require relatively pure cellulosic starting materials such as steam-exploded wood pulp and microcrystalline cellulose, or alkaline and bleaching agents as pretreatments. The use of highly corrosive mineral acids (requiring expensive corrosion resistant equipment), multiple treatment steps or tedious isolation techniques impedes large-scale production and real-world applications of CNCs. Herein, a simple and versatile one-step procedure to produce highly crystalline carboxylated CNCs is reported. This method is amenable to scale-up and broadly applicable to a variety of native plant fi bers and other cellulose sources, simultaneously removing noncellulosics and amorphous cellulose to yield high-quality CNCs.
Ammonium persulfate (APS), an oxidant with low long-term toxicity, high water solubility and low cost, was favored over its sodium and potassium counterparts. CNCs were prepared by heating cellulosic materials at 60 ° C in 1 m APS for 16 h with vigorous stirring. The reaction time was substrate-dependent, ranging from 3 h for bacterial cellulose and 16 h for complex substrates such as hemp, fl ax, and triticale. HPLC analysis confi rmed no detectable furfural or 2-hydroxymethylfurfural (HMF) in the resulting liquid. For comparison, acid hydrolysis was also conducted to confi rm the presence of these two hazardous chemicals, which are often encountered when carbohydrates are hydrolyzed using strong acids. [ 6 ] Atomic force microscopy (AFM) and transmission electron microscopy (TEM) micrographs confi rmed the production of highly uniform CNCs with significantly smaller diameters compared to those obtained by acid treatment ( Figure 1 a ) . CNCs produced from fl ax and hemp using a combination of acid hydrolysis and bleaching have average diameters of 16-28 nm and 20-40 nm, respectively. [ 7 ] In comparison, the cross-section dimensions of CNCs prepared from APS treatment of hemp, fl ax, and triticale centered at ≈ 3-6 nm, refl ecting elementary fi brils ( ≈ 3-7 nm in diameter) of cellulose. CNC samples prepared from different cellulosics also showed a similar mean particle length and length polydispersity ( Table 1 ). This was a very important fi nding, since the uniformity, small diameter, and high aspect ratio of such nanocrystals are critical for their intended applications as nanofi llers or for drug delivery. CNCs with high uniformity greatly facilitated their subsequent recovery and purifi cation as the resulting liquid was easily processed using centrifugation or ultrafi ltration with a 50 kDa cut-off membrane fi lter. Owing to the corrosiveness of strong acids, the CNC-containing liquid obtained by acid hydrolysis must be diluted at least fi ve-fold, followed by differential centrifugation to obtain CNCs with a narrow size distribution. [ 8 ] Of further importance is a direct comparison of the yield obtained by our procedure with the widely used acid hydrolysis for the preparation of CNCs from microcrystalline cellulose (MCC). CNCs produced by acid hydrolysis of MCC consist of six major size fractions with a total yield of 21% compared to 65% with our procedure as shown in Table 1 . [ 8 ] Similarly, only ≈ 5% CNC yield was attainable from acid hydrolysis and bleaching of fl ax and hemp fi bers, compared to 28-36% with the APS treatment.
Scanning electron microscopy (SEM) imaging shows multiple morphological changes on the surface of the fi bers after treatment with APS for 1 h, indicating the onset of CNC formation ( Figure 1b ) . In contrast, the fi bers remained intact when subjected to heating without APS. Evidently, APS was able to produce CNCs in situ by removing lignin, hemicellulose, pectin, and other plant contents ( Figure 1c also open the aromatic rings of lignin to decolorize this material. Our data confi rmed that APS was capable of producing CNCs from cellulosics containing up to 20% lignin. In contrast, acid hydrolysis requires pretreatments with alkaline or bleaching agents to remove other fi ber contents, and this treatment with alkalines often affects the crystallinity and structure of cellulose (cellulose I to II). [ 10 ] CNCs prepared from various biomass sources were characterized by X-ray diffraction (XRD), solid-state NMR, and IR spectroscopy. The CNC diffractograms exhibited the most intense peak (002) with a shoulder (021) and two lower peaks (101 and 101 ). Such features, including the d -spacing and average crystallite size as determined by the Debye-Scherrer formula, [ 11 ] resembled the diffraction pattern of cellulose I and confi rmed the integrity of the material during the course of treatment with APS. The crystallinity index (CRI) of CNCs was then estimated using an integral method based on the ratio of the areas of crystallines to total scattered intensity, with the results summarized in Table 1 . [ 12 ] In general, the CRI of CNCs was noticeably higher than that of its parental counterparts except for CNCs prepared from MCC and Whatman CF1. With very high initial crystallinity, the treatment of MCC and Whatman CF1 with APS resulted in nanosized fi bers, whereas CRI only increased slightly for CNC samples produced from MCC and remained similar for Whatman CF1. CNC thermostability was investigated with thermogravimetric analysis (TGA), indicating that the CNCs were stable to ≈ 220-270 ° C with < 5% mass loss below this temperature ( T d5 ). In comparison, CNCs obtained from sulfuric acid hydrolysis have lower thermal stability ( ≈ 150-200 ° C) due to the presence of sulfate groups. [ 13 ] Notice that T d5 directly correlates with the CRI of the CNCs (Supporting Information). Table 1 . Yield, degree of oxidation, crystallinity index (CRI), and dimensions of CNCs from various cellulosic sources. CRI is estimated using the integral method. Length and diameter are reported at 95% confi dence intervals (S.M. denotes starting materials, SD denotes the standard deviation). IR spectra of the CNCs show absorption bands that are typical for cellulosic materials. The presence of signals at 1429, 1163, 1111, and 897 cm − 1 indicated that the CNCs are primarily in the form of cellulose I β , except for APS-treated bacterial cellulose in which characteristic absorption bands at 3241 and 753 cm − 1 confi rm the high content of cellulose type I α in bacterial cellulose. The CNC absorption patterns remained unchanged after treatment with APS, indicating no signifi cant changes of the conformation of the cellulose structure, i.e., mercerization did not occur. The IR spectra also displayed a signal at 1735 cm − 1 , attesting the presence of carboxylic acid groups. The degree of oxidation (DO) of the CNCs was determined using a conductometric titration method to fall in the range of 0.11-0.19. [ 14 ] In agreement with literature data, CP-MAS 13 C-NMR spectra of the CNCs show the expected signals corresponding to the presence of high purity and crystallinity cellulose I (Supporting Information). The appearance of a signal at δ = 175 ppm confi rms the presence of carboxylic acid groups. [ 5 c] Of importance to note was that the conversion of the carboxylic acid groups to their carboxylate form (with the addition of a small amount of NaOH to achieve ≈ pH 7) signifi cantly improved the ease of CNC redispersion after lyophilization. Nonfl occulate and stable suspensions were prepared simply by stirring freezedried CNC powders in water.
The synthesis of carboxylated CNCs was reported by Montanari et al. using a 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) radical-catalyzed oxidation method. [ 5 d] With this procedure, the C6 primary alcohol of CNCs prepared by acid hydrolysis can be selectively oxidized to generate carboxylated CNCs. Our experimental data attested that without prior acid treatment, the TEMPO procedure produced longer microfi brils, suggesting that TEMPO was only effective in fi ber defribrillation, i.e., it did not completely break down the amorphous domains, in agreement with Saito et al. [ 15 ] In comparison, APS defribrillated and removed amorphous cellulose effectively, resulting in uniform CNCs with nanoscale dimensions. Both FTIR and NMR data also suggested that oxidation occurred preferentially at the C6 primary alcohol of crystalline cellulose. The oxidation of C2 and C3 secondary alcohols is known to induce the cleavage of the glucopyranose ring, resulting in detrimental lowering of the CRI. [ 16 ] The absence of an IR signal relating to hemiacetal formation (880 cm − 1 )
or any signifi cant changes in the respective chemical shifts of the CP-MAS 13 C-NMR signals confi rmed the intact crystalline structure of CNCs prepared by APS.
Carboxylated CNCs can be activated by a number of strategies for coupling amine-containing molecules to form stable amide linkages. [ 17 ] The presence of carboxylic acid groups offers active sites for surface modifi cation and protein/ enzyme immobilization, as well as templates for the synthesis of nanoparticles. [ 18 ] To highlight the chemical tunability of the carboxylated CNCs, decylamine, dioctylamine, 2-aminoanthracene, and avidin were attached to CNCs using standard peptide-coupling protocols ( Scheme 1 ). Modifi ed CNCs with long alkyl chains imparted hydrophobicity for compatibility with hydrophobic polymer matrices. Conjugation of CNCs with aminoanthracene resulted in a novel fl uorescent nanomaterial (excitation = 370 nm, emission = 422 nm), which might be used for cell imaging and biosensing. Futhermore, we were able to attach avidin onto the surface of the carboxylated CNCs, and these may serve as platforms for the immobilization of biotinylated-enzymes. [ 19 ] Beside their potential application as polymer nanofi llers, carboxylated CNCs may serve as useful platforms for biosensing, enzyme immobilization, affi nity chromatography, and drug targeting/delivery. [ 20 ] A recent report revealed that CNCs have low toxicity potential and environmental risk. [ 21 ] In brief, we have described a one-step procedure for producing CNCs from cellulosic biomass that would carry signifi cant benefi ts in terms of sustainability and low costs. Our approach could be considered as a chemical nanoscissor effective in processing raw cellulosics, in contrast to acid hydrolysis which requires pretreatment steps for the isolation of cellulose. Our facile procedure is amenable to the large-scale production of CNCs with enhanced uniformity and crystallinity. Tunable hydropilicity or hydrophobicity can be easily attained by conjugation of the carboxyl group with pertinent molecules.
Experimental Section
Preparation of Cellulose Nanocrystals : The starting biomass material (10 g) was added to 1 L of 1 M ammonium persulfate solution. The mixture was heated to 60 ° C for 16 h (only 3 h for bacterial cellulose) to give a suspension of CNCs. The suspension was centrifuged (12 000 rpm, relative centrifugal force (RCF) = 22 100) for 10 min. The solution was decanted, and ≈ 200 mL of water was added to the CNC pellet, followed by 5 min of mixing and repeated centrifugation. The centrifugation/washing cycles were repeated 4 times until the solution conductivity was ≈ 5 μ S cm − 1 (pH 4), close to that of deionized water. The product was lyophilized to yield a white powder. CNCs in their sodium form were prepared by adding 1 M NaOH until the suspension reaches pH 7, followed by washing/centrifugation with deionized water.
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